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The mouse embryonic oesophagus is initially lined with a simple columnar epithelial layer which changes during the course of
development to a stratified squamous tissue. To study the mechanism of this transition, we developed an in vitro model, based on
oesophageal explants isolated from E11.5d mouse embryos, which fully recapitulates the normal in vivo development. In this system, the
columnar epithelial markers cytokeratins 8 and 18 (K8, 18) were strongly expressed at the beginning of the culture period and decreased in
the basal layer of the epithelium at around 5 days of culture. Expression of K8 + 18 persisted in the suprabasal layers of the stratified
epithelium for several more days. In contrast, the stratified squamous epithelial marker cytokeratin 14 (K14) was absent at the beginning, and
cells expressing it progressively appeared within the basal layer from day 5 to day 9 of culture. The two possible mechanisms for the change
are (1) a direct conversion of columnar cells to the basal layer cells of the squamous epithelium; (2) an overgrowth of columnar by squamous
cells. Our results show that the first mechanism is operative. Firstly, co-staining for K8 and K14 demonstrates that some cells express both
markers during the transition period. Secondly, after electroporation of a construct containing the K14 promoter driving nuclear GFP into the
epithelium of E15.5 oesophagus, some cells expressed both K8 and GFP. Thirdly, there is no preferential loss of the columnar cells by
apoptosis. Fourthly, inhibitors of apoptosis do not affect the process. Finally, inhibitors of cell division do not affect the process. In terms of
the molecular mechanism, inhibitor studies suggest that de novo DNA methylation is required for the loss of the K8 expression but not for the
acquisition of the K14 expression. The results show that, in normal development, the squamous epithelium arises from the columnar
epithelium by a direct conversion process.
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The oesophagus connects the pharynx to the stomach and
functions mainly as a passage to allow masticated food to
enter the gut for further digestion. The mammalian adult
oesophagus is lined by stratified squamous epithelium, but
in the embryo, it is lined by a columnar epithelium, which
becomes replaced at some stage by the squamous epithe-
lium. Studies in the mouse showed that the epithelial layers
are initially composed of cuboidal ciliated cells which0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2005.04.042
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E-mail address: D.Tosh@bath.ac.uk (D. Tosh).become replaced by squamous cells from about E17. By this
stage, 3HTdR labelling is confined to the basal layer. The
superficial cells of the squamous epithelium became
keratinised after 8 days postnatal (Raymond et al., 1991).
In the human embryo at 8 weeks of gestation, the
oesophagus is lined by a pseudostratified columnar epithe-
lium (DeNardi and Riddell, 1991). Ciliated cells appear in
the middle third and extend rostrally and caudally so by
around 10 weeks a single layer of columnar cells populates
both ends of the oesophagus. After 5 months, the stratified
squamous epithelium initially appears in the middle third of
the oesophagus and extends towards the rostral and caudal
ends, replacing the ciliated epithelium (Johns, 1952). These
studies clearly describe the replacement of one epithelial284 (2005) 157 – 170
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relation to cell lineage, so it is not known whether the
change results from direct transformation of columnar to
basal squamous cells (transdifferentiation) or from the
overgrowth of one precursor population by another.
Intermediate filaments are cytoskeletal polymers that
provide structural support in the cytoplasm and nucleus of
higher eukaryotes and function to sustain the cells against
mechanical and non-mechanical stresses (Porter and Lane,
2003; Owens and Lane, 2003). Recent observations suggest
that they interact with non-structural proteins (e.g. Jnk)
which influence cell growth and death (Coulombe and
Wong, 2004). Intermediate filaments belong to a large
family of structural proteins and are expressed according to
the differentiated state of the cell (Lazarides, 1980). Simple
columnar epithelia, including the embryonic oesophagus,
express cytokeratin 18 (K18), a type I acidic protein that
normally heterodimerises with another intermediate fila-
ment, the type II cytokeratin 8 (K8), to form the keratin
intermediate filament structure (Owens and Lane, 2003).
The stratified squamous epithelium can be divided into
basal and suprabasal layers. In the later embryonic
oesophagus, cytokeratin 14 (K14) and cytokeratin 5 (K5)
are expressed in the basal layer, and K1 and K10 are
expressed in the suprabasal layers. Some cytokeratins (e.g.
K4 and K13) are found in the oesophagus, but not in other
epithelia such as the epidermis so can be considered as
tissue-specific markers (Moll et al., 1982). In the work
presented here, we have used cytokeratin antibodies K8 and
18 as markers for columnar epithelium and K14 as a marker
for stratified squamous epithelium.
In general, the conversion of one cellular or tissue
phenotype to another is termed metaplasia and can include
conversions between stem cells as well as direct conversion
of differentiated cells (Slack and Tosh, 2001; Tosh and Slack,
2002). Transdifferentiation is a subclass of metaplasia and by
definition is an irreversible switch of one already differ-
entiated cell to another, resulting in the loss of one phenotype
and the gain of another (Eguchi and Kodama, 1993). There
are two important experimental criteria that need to be
established for a process to be defined as transdifferentiation.
First, the phenotype of the cells before and after trans-
differentiation should be clearly defined using morphological
appearance and molecular and/or biochemical evidence.
Second, the cell lineage (ancestor–descendant) relationship
between the two cell types needs to be established (Eguchi,
1995). In this study, we have asked whether the replacement
of the columnar by the squamous lining of the oesophagus is
due to transdifferentiation or whether it arises from the
overgrowth of one cell population by another.
As there were no suitable model systems available to
study the conversion of columnar to stratified squamous
epithelium, we have devised and characterised an in vitro
culture system based on explants of the mouse embryonic
oesophagus and used it to investigate the cellular basis of
the conversion. We have examined the cell lineage, the roleof cell death, the role of cell division and the effects of
inhibitors of DNA methylation. The results are as follows:
1. at least some of the cells in the basal layer of stratified
squamous tissue arise directly from the columnar cells
2. programmed cell death is not responsible for selective
loss of the columnar cells
3. cell proliferation is not necessary for the conversion
4. de novo DNA methylation may be involved
Materials and methods
Isolation and culture of embryonic oesophagus
Pregnant animals were killed by cervical dislocation and
the uteri dissected into ice-cold sterile phosphate buffer
saline A (hereafter referred to as PBSA). E11.5, E13.5,
E15.5 or E17.5 embryos were removed from the deciduas,
transferred to ice-cold Minimum Essential Medium (MEM)
with Hank’s salts, 10% FBS and 50 Ag/ml gentamycin and
the gut (from pharynx to the intestine) was dissected free.
The oesophagus was removed from its position rostral to the
stomach and was separated from the trachea.
For organ culture, the oesophagus was placed on a
coverslip subbed with APTES and coated with fibronectin
(Percival and Slack, 1999). Initially, a cloning ring was
placed over the fibronectin-coated area in order to ensure
that the explant stayed on the substrate. Basal Medium
Eagle (BME) medium with Earle’s salts, 20% foetal bovine
serum (from Life Technologies), 2 mM glutamine (Sigma)
and 50 Ag/ml gentamycin (Gibco/Invitrogen) was pipetted
dropwise into the cloning ring and then into the rest of the
dish up to a total of 2.5 ml. Individual explants were then
dropped into the centre of the cloning ring. Twenty-four
hours later, the cloning ring was removed, the media
decanted and fresh medium added. The cultures were grown
at 37-C, 95% air/5% CO2 in a humidified incubator for up
to 20 days. The medium was changed every 2 days.
Histology and immunohistochemistry
Oesophageal cultures (1–20 days) were fixed for 5 min
in acetone/methanol (1:1 ratio, for immunostaining of
cytoskeleton proteins) or 30 min in MEMFA (10% formalin,
01% MOPS, pH 7.4, 2 mM EGTA, 1 mM MgSO4, for
immunostaining of membrane, cytosolic and nuclear pro-
teins) at room temperature. After fixation, cultures were
washed three times in PBSA and stored in PBSA at 4-C for
several days.
Cultures were permeabilised by adding 1% Triton X -100
in PBSA for 30 min prior to immunostaining. Antigen
retrieval was performed by adding citrate buffer (pH 6)
(LAB VISION, Fermont, CA) for 1 h at 37-C. The cultures
were washed three times in PBSA. Non-specific binding
sites were blocked for at least 1 h in 2% Roche Blocking
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instructions. Primary antibodies were applied overnight at
4-C, and the following day the samples were washed three
times in PBSA. The fluorescent secondary antibody was
applied for 3 h in the dark at room temperature, and the
coverslips were rewashed and then mounted in Gelvatol
medium. Gelvatol was prepared as described previously
(Shen et al., 2000). The second round of staining began after
the secondary antibody incubation when more than one
primary antibody was used. Where appropriate, 0.1 Ag/ml of
4V,6-Diamidino-2-phenylindole (DAPI) was applied for 15
min to stain the cell nucleus.
For analysis of in vivo changes in expression, tissue was
fixed at different stages of development from embryonic
E11.5 up to adult (¨2 months old). For staining of
transcription factors, tissue was fixed in MEMFA, and for
keratin staining, tissue was fixed in acetone/methanol (vol.
1:1). In both cases, the length of fixation varied depending on
the size of the sample. For tissue from E11.5 and E13.5
embryos, 2 h was sufficient. We used 24 h fixation for E15.5,
E17.5 and E18.5 embryos and 48 h for P1, P3 and adult
tissues. All fixations were performed at 4-C. After fixation,
samples were washed three times in PBSA. The tissue was
then placed in a tissue processor and embedded in paraffin
wax. Transverse sections (7 Am) were cut on a Leica 2155
microtome. Representative sections were stained with hae-
matoxylin and eosin (H&E) and mounted in DePeX (BDH).
For immunostaining with 3,3V-Diaminobenzidine (DAB,
Sigma), sections were first permeabilised with 1% Triton X-
100 in PBSA for 30 min at room temperature and then
incubated 30 min with 0.6% H2O2 in 80% methanol and
blocked for at least 1 h in 2% Roche blocking buffer. Slides
were then incubated with the primary antibody overnight at
4-C and the following morning washed with PBSA, and the
appropriate biotinylated secondary antibody was added for
1 h. The DAKOABC detection kit was used for development
with the chromogen DAB according to the manufacturer’s
instructions. To stop the staining reaction, the slides were
washed with PBSA and then counterstained with haematox-
ylin and mounted in DePeX. For dual DAB immunostaining,
the first round of staining (K14) was as for the single staining
procedure followed by short microwave (45 s on high power
(800 W)). Sections were allowed to cool for 15 min and then
incubated with the second primary antibody (K8) overnight.
The staining procedure was the same as single DAB staining
using the ABC kit from DAKO with an additional round of
H2O2 quenching and lastly developed in a DAB solution
added with NiSO4. The final composition of the added
solution was: DAB 0.6 mg/ml, 320 mM NiSO4, 0.1% Triton
X-100 in a pH 7.2 acetate buffer containing 10 mM
imidazole. The slides were mounted in DePeX without
counterstaining.
The primary and secondary antibodies were used at 1/100
dilution unless otherwise stated. The sources were as follows:
mouse anti-GFP, Clontech (8362-1); mouse anti-keratin 14,
NeoMarkers (MS-115); rabbit anti-K14, Covance (PRB-155P); mouse anti-keratin 18 (LE61) (neat) (a gift from
Professor E. Birgit Lane, University of Dundee, UK); rat anti-
keratin 8 (TROMA I), Developmental Studies Hybridoma
Bank (DSHB). Fluorescein Isothiocyanate (FITC) anti-
mouse IgG, FITC anti-rat IgG, FITC anti-rabbit IgG, all
from Vector; Texas Red anti-Rat IgG, Vector (TI-9400);
Tetramethylrhodamine Isothiocyanate (TRITC) swine anti-
rabbit IgG, DAKO (R0156).
Specimens were either examined under a DMRB
compound microscope (Leica), and images collected using
a SPOT camera with Image Solution software or were
viewed using a Zeiss LSM 510 confocal microscope (Carl
Zeiss, Welwyn Garden City, UK). Final images were
processed with Photoshop (Adobe System).
Preparation of plasmids
Cloning of plasmids was carried out by standard
molecular biology protocols. To generate the pK14-nucGFP
plasmid, nucGFP was excised from pcDNA3-nuclearGFP
(Shen et al., 2000) with BamHI and XbaI and cloned into
the same sites of the K14 expression cassette (Vasioukhin et
al., 1999) generously provided by Professor Elaine Fuchs
(Howard Hughes Medical Institute, Rockefeller University,
New York).
Electroporation of plasmids into embryonic organ cultures
Briefly, 0.1% Fast Green was added to 1 Ag/Al of plasmid
DNA for easy visualisation. Thin-walled (1.0 mm O.D. 
0.78 mm I.D.) borosilicate glass capillaries (Harvard
Apparatus, GC100TF-15) were pulled into needles, and
the DNA with Fast Green was pipetted into the needle. For
electroporation, we used the Electrosquareporator (BTX,
ECM830), with the following settings: voltage (100 V),
pulse length 50 ms, pulse interval 500 ms and continuous
electroporation for 3 times in a unipolar direction. The
electrode gap width was 5 mm. DNA was injected into the
lumen of the isolated oesophagus. Tissues were then
immunostained after 24 h of culture.
Dead cell assay
To stain for dead and dying cells, the medium was
removed at different time points and replaced with 2 ml of
Hank’s Balanced Salt Solution (H8264, HBSS) without
phenol red. Ethidium homodimer (Molecular Probes) was
added to the HBSS to a final concentration of 1.6 AM and
incubated at 37-C for 20–40 min. The cultures were then
washed, fixed in MEMFA and immunostained with anti-
bodies as described above.
Flow cytometry
To prepare single cell suspensions of the embryonic
organ cultures, we took between 15 and 20 oesophageal
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PBSA, trypsinised for 10 min at 37-C and then pipetting
trituration was performed for 10–15 min. The digested
tissue was passed through a 20 G needle or a 40 mm cell
strainer (Falcon) to ensure a single cell suspension. Cells
were counted on a haemocytometer and the number
adjusted to ¨105 cells/tube with staining buffer (2%
FCS, 0.1% NaN3 in PBSA). The cell suspension was
fixed and permeabilised by incubation for 15 min with
Cytofix/Cytoperm solution (4% PFA, 0.5% Triton X-100,
2% FBS and 0.1% NaN3 in PBSA). Afterwards, the cells
were washed in a permeablisation/washing buffer (0.5%
Triton X-100, 2% FBS and 0.1% NaN3 in PBSA) to
maintain the permeability of the cells. Primary antibodies
were added at a dilution of 1:200 and were incubated for
30 min at room temperature prior to washing and
incubation for 30 min with FITC-conjugated secondary
antibodies (1:200). Propidium iodide with RNaseA (BD
Pharmingen) was added to designated tubes 15 min prior
to analyzing on the FACS machine (BD Coulter flow
cytometer). Before determining the percentage of K14+
and K18+ cells in sub-G0 phase, cell samples that had
been incubated with secondary antibodies alone and single
colour staining were used to establish background signal
and compensation parameters.Fig. 1. Development of the mouse oesophagus. Haematoxylin and eosin staining o
(A) E11.5, (B) E13.5, (C) E15.5, (D, E) E17.5 (F, G) P1 and (H, I) adult (2 month
gradually becomes stratified during development; the four distinct layers, i.e. B, b
features of a fully differentiated stratified squamous tissue are shown in the adult (
layers. Scale bars are 60 Am in panels (A, B, C, E, G, I), 190 Am in panels (D,Results
Morphology of the developing oesophagus
We felt it necessary to extend the previous descriptive
study of the mouse to earlier stages. To do this, we isolated
whole embryos from different stages of development
(E11.5, 13.5, 15.5, E17.5 and postnatal day 1) and
compared them to adult oesophagus. Typical haematoxylin
and eosin-stained sections are shown in Fig. 1. Just after the
foregut separates into the oesophagus and trachea, the
oesophagus is lined with simple columnar epithelial cells
surrounded by undifferentiated mesenchyme (E11.5d, Fig.
1A). As the oesophagus develops (E13.5–E17.5, Figs. 1B–
D), the epithelium remains columnar but gradually becomes
composed of more layers, while the mesenchyme separates
into zones corresponding to the later submucosa and smooth
muscle layers. In the perinatal stages, a cornified layer of a
squamous tissue appears (Figs. 1F,G). Finally, in the adult,
the basal layer is clearly distinct, and the suprabasal part is
divided into the spinous, granulous and cornified layers of a
fully differentiated and keratinised stratified squamous
epithelium (Figs. 1H,I). In the adult, there are two layers
of muscle tissue surrounding the submucosal region (inner
longitudinal and outer circular; labelled M). These resultsf the mouse oesophagus during different stages of embryonic development.
s old). The epithelium of the oesophagus at E11.5d is simple columnar and
asal layer, Sp, spinous layers, Gr, granular layers and C, corneum stratum,
I). bm, basement membrane, ep, epithelium, sm, submucosa and m, muscle
F) and 380 Am in panel (H).
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and extend them to the period E11.5–15.5.
Immunohistochemical analysis of the oesophagus
Cytokeratin 8 (K8) and 18 (K18) are markers for
columnar epithelium, and cytokeratin 14 (K14) is a marker
for the basal layer of stratified squamous tissue (Moll et al.,
1982). We performed immunohistochemical analysis to
determine the temporal expression of these two markers
during oesophageal development and to find out if the
expression of the cytokeratins correlates with the morphol-
ogy of the oesophagus. At E11.5, all the cells in the
epithelium of the oesophagus are K8-positive and K14-
negative (Figs. 2A,I). K8 continues to be expressed as the
epithelium becomes multilayered until it decreases in the
basal layer from E15.5 and E17.5 (arrows in Figs. 2D,E).
The K8 is almost absent from the basal layer by E18.5
(arrow in Fig. 2F). However, the suprabasal layers continue
to express K8 until at least P3 (Figs. 2F,G), only finally
disappearing postnatally at about 2 months (Fig. 2H). The
expression pattern of the K14 stratified squamous marker isFig. 2. Conversion of columnar to stratified squamous epithelium in the de
immunostaining on embryonic oesophageal cross sections. (A, I) E11.5, (B, J) E1
postnatal day 3, (H, P) Adult (2 months). Keratin markers show a reciprocal expre
development of the oesophagus epithelium. Arrows in panels (D–F) show the gra
panel (L) shows the emerging K14-positive cells. Note that the suprabasal epithel
panels (A, B, D, E, F, I, J, N), 160 Am in panels (C, G, K, L, M, O) and 320quite different. We begin to observe basal cells expressing
K14 at around E17.5 (arrow in Fig. 2L). At P1, most cells of
the basal layer express K14 (Fig. 2O) and in adult
oesophagus, all cells of the basal layer clearly show K14
expression (Fig. 2P). The expression of K8 and K14 in the
basal layer therefore correlates with the switch from
columnar to squamous morphology. Since K14 is not seen
in the suprabasal layers, it presumably turns over fast
enough to become degraded before cells move from basal to
suprabasal levels. Conversely, the fact that K8 does persist
in the suprabasal levels of the foetal stages (Figs. 2D–G)
suggests that it is still expressed in these cells after being
turned off in the basal layer.
Development of an in vitro culture system that recapitulates
the in vivo development of the oesophagus
In order to conduct the experimental studies on the
mechanism of the cell type conversion, we needed an in
vitro culture system. This was established as follows. The
oesophagus was dissected free from E11.5d mouse embryos
and then placed in culture on a fibronectin-coated glassveloping mouse oesophagus. Keratin 8 (A–H) and keratin 14 (I–P)
3.5, (C, D, K) E15.5, (E) E17.5, (F, M, N) E18.5, (O) postnatal day 1, (G)
ssion in the columnar and the basal layer of stratified squamous during the
dual disappearance of K8 expression in the basal layer, while the arrow in
ium still expresses K8 until P3 but not in the adult. Scale bars are 50 Am in
Am in panels (H, P).
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substrate, and the cut ends have healed. At this stage, the
culture is composed of a tube of epithelium surrounded by a
mesenchyme composed of fibroblasts, smooth muscle cells
and probably some endothelial cells. During the first few
days of culture, some of the mesenchymal cells spread away
from the explant, but they also continue to maintain a layer
above and below the epithelium. The views shown in Fig. 3Fig. 3. The in vitro cultured oesophagus differentiates as a stratified
squamous epithelium. A diagram of an oesophageal explant culture is
shown in panel (A). Cross-sections of adult mouse oesophagus (B, D, F) or
cultured oesophagus from E11.5 (C, E, G) were immunostained for (B, C)
K4 (green); (D, E) K14 (green) and involucrin (red); (F, G) K14 (green) and
K10 (red). The culture periods of the oesophageal cultures were (C) 7 days,
(E) 9 days and (G) 15 days. K4 expression in vitro showed the cultures are
oesophageal in character. The expression and location of K10 and
involucrin show early and late suprabasal differentiated markers of a
stratified squamous tissue. Scale bars are 200 Am in panels (B, D, F, G) and
50 Am in panels (C, E).and subsequent figures are horizontal confocal pictures that
show mesenchyme on the outside then the epithelial basal
layer then several layers of suprabasal cells (Fig. 3A).
Depending on the plane of section, the suprabasal cells may
appear to fill the interior or the fluid filled lumen may be
visible internally. The cultures remain viable and continue to
grow for at least 20 days, although the growth is not as
extensive as that found in vivo.
To follow the progress of epithelial differentiation, we
examined the expression of different markers including K4,
involucrin and K10. The intermediate filament cytokeratin 4
(K4) is a marker for certain epithelia including oesophagus,
trachea and cornea; involucrin (Inv) is an early differ-
entiation marker and cytokeratin 10 (K10) a late differ-
entiation marker for stratified squamous tissue. The cultured
oesophageal explants co-ordinately express all three of
these markers in the suprabasal layers (Figs. 3C,E and G),
which is identical to the normal staining pattern on adult
sections (Figs. 3B,D and F). We also performed a detailed
comparison of early and late differentiation markers at
different stages of oesophagus development both on in vivo
sections and in explant cultures (Supplementary Figs. 1 and
2). These results tell us that the explants made at 11.5 days
do have the potential to develop into a mature oesophageal
stratified squamous tissue.
Using this system, we next wanted to compare the time
course of the switch from simple columnar to stratified
squamous type with the same process during normal in
vivo development. 24–72 h after the start of the culture,
the entire epithelium was K8-positive (Figs. 4A,B). After 5
days of culture, the basal layer showed a marked decrease
in the number of K8-positive cells (Figs. 4C,D), while the
K8-positive cells in the suprabasal layers disappeared more
gradually, only finally disappearing by about 20 days of
culture (Figs. 4E–H). To confirm that this result reflected a
switch of cell type rather than just of two specific gene
products, we also examined K18 expression. This showed
a similar pattern and timing of expression as K8 with
initial uniform expression and almost complete loss by 20
days (Figs. 4I,J). Conversely, the expression of the
squamous marker K14 starts in the basal layer by day 5
of culture (Fig. 4C) and by 7 days, nearly all cells of the
basal layer express K14 and continue to do so during the
culture period (Figs. 4D–H). Thus, the study of K8, K18
and K14 indicates that the epithelium in the in vitro
cultures autonomously showed the same reciprocal expres-
sion of cytokeratins as during development in vivo. The
timing of the switch is quite similar to that in the embryo,
as the culture period 5–7 days corresponds to E16.5–18.5
in vivo.
Although we have not studied the mesenchyme specif-
ically, we also noted that during the culture period it
resolves into an inner region composed of smooth muscle
actin-positive cells and a peripheral region of fibroblast-
like cells, resembling the situation in vivo (results not
shown).
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To determine the lineage of the stratified squamous basal
layer, we employed two different approaches. First, we used
two colour DAB immunostaining for K8 and K14 in sectionsfrom E17.5 embryos. A transitional expression of both
markers would be expected if stratified epithelium does
indeed arise from the columnar cells by direct conversion. To
test whether this was the case, three consecutive sections of
an E17.5 oesophagus were stained for K14 or K8 alone and
in combination. We found that K14 stains the basal layer
(Fig. 5A). Although K8 is predominantly found in supra-
basal cells, there is also much weaker staining at the basal
layers (Fig. 5B). This is masked in the dual-stained section
(Fig. 5C), but when adjacent sections are singly stained, it is
clear that some cells do express both K8 and K14.
We also examined the 5 day cultured E11.5 oesophagus
to find whether any cells simultaneously expressed both
markers. Again, this showed that the K14 cells start to
appear in the basal layer, while some K8 expression still
persists in the basal layer. Some emerging cells were found
to have both markers (arrows in Fig. 5D, enlargement of
Fig. 4C).
Since there is only limited co-expression and the period
of overlap of both K8 and K14 is brief in both embryos and
in vitro cultures, we decided to use an additional method to
trace the cell lineage of the K14 cells in the explant culture
system. This approach utilised a reporter construct, the
stratified squamous K14 promoter driving GFP with a
nuclear localising signal. Detection of the nuclear GFP is
more sensitive than of K14 protein so this increases the
chances of detecting co-expression. The plasmid was
introduced into the epithelium by electroporation at a time
when the cells are just switching from the columnar
phenotype to stratified squamous. Oesophageal segments
from E15.5 embryos were dissected and then electroporated
with the plasmid, cultured for 24 h, and then co-stained for
GFP and the columnar K8 marker (Fig. 5E). In those cells
that start to express the K14 promoter (as judged by GFP
expression), at least some still express the K8 columnar
marker. Two cultures are shown in Fig. 5 and in both several
basal cells express GFP and K8 in the same cell. There are
also some GFP-positive cells that do not express K8, but
this is not surprising because during this period cells are
shutting off K8 and other genes responsible for the
columnar phenotype, so it is likely that some of the cells
acquiring and expressing the K14-GFP plasmid will already
have done so.Fig. 4. In vitro conversion of columnar to stratified epithelium in the
oesophagus. Oesophageal segments were isolated from E11.5 day embryos,
cultured for different times and then immunostained for K14 (green) and K8
(red) or K18 (I, J). (A, I) 1 day, (B) 3 days, (C) 5 days, (D) 7 days, (E) 9 days,
(F) 11 days, (G) 15 days and (H, J) 20 days of culture. Scale bars indicate the
magnification. The columnar marker K8 was expressed in the epithelium
from the first day of culture, whereas the stratified squamous marker K14
only started to be expressed in the basal layer of the epithelium from around
3 to 5 days in culture. The K8 expression becomes less intense in the basal
layers at about the same time as K14 cells appear. A second wave of the loss
of K8 cells was observed in the suprabasal layers from around 11 days
onwards. By 20 days of culture, very few K8-positive cells remain. K18
immunostaining on 1d (I) and 20d (J) show the same results as K8 staining.
Scale bars are 50 Am in panels (A–H) and 200 Am in panels (I, J).
Fig. 5. Columnar cells are the origin of stratified squamous cells. Single and dual staining for K14 (brown) and K8 (black) in consecutive sections of E17.5
oesophagus. K14 (A), K8 (B) and K8 and K14 (C). Black arrows indicate cells expressing both cytokeratins. (D) Dual staining for K14 (green) and K8 (red) in
5-day oesophageal culture (enlargement of Fig. 4C). Arrow shows some cells express both K14 and K8. (E) Diagram showing the theoretical basis of the
lineage experiment. A plasmid containing the stratified squamous K14 promoter driving GFP (with a nuclear localisation signal) expressed during the period
when the columnar cells are converting to stratified squamous cells. Cells that are becoming stratified squamous should have an active K14 promoter and
therefore possess a green nucleus. Assuming these are starting as columnar cells, the cells should co-express with K8 (shown here in red). Two examples are
given. Panels (F–H) and (I–K) show staining of the oesophagus 24 h after electroporation at stage E15.5. Some cells express both the K8 columnar marker and
nuclear GFP (arrows in panels H, J, K), suggesting that the origin of the stratified squamous tissue is from the columnar cells, while other GFP-positive cells do
not stain red, suggesting that they have already shut off K8 expression. Scale bars are 10 Am in panels (D, H, J, K), 80 Am in panels (A, B, C) and 100 Am in
panels (F, G, I).
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the K14 reporter construct, it was also electroporated into
the epithelial cells of the stomach, small intestine and
tracheal explants from E11.5 embryos and cultured under
the same conditions as the oesophagus (see Supplemen-
tary Fig. 3). These epithelia do not normally express K14
and indeed GFP was not expressed. Under the same
conditions, GFP controlled by the CMV promoter wasexpressed, demonstrating the validity of the electroporation
method.
In summary, all three results: the co-expression of K8
and K14 in some cells in vivo, co-expression in some cells
in vitro and the activation of the K14 promoter in some cells
still expressing K8 indicate that the basal layer cells of the
squamous epithelium derive from the columnar cells by a
direct conversion process.
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If the mechanism of cell type conversion depended on a
selective overgrowth of columnar by squamous cells, we
should expect the rate of cell death to be greater among the
columnar cells during the transition period. To investigate
this possibility, we examined the proportion of dead cells in
the K8-positive and K14-positive cell populations during the
course of the culture (Figs. 6A,B). Three time points were
examined: 7, 11 and 15 days. The cultures were dissociated,
stained with anti-K8 or K14, together with propidium iodide,Fig. 6. Loss of columnar cells does not occur by cell death. (A, B) Cultures we
fractionated by flow cytometry. The G1/G2 cells were counted as live and the sub-
proportion of dead cells + debris does not significantly differ between the K8- a
understand whether apoptosis has a role in the loss of K8 cells, E11.5 oesophagus o
or with 40 AM zVADfmk (E, F) for 6 days. Afterwards, oesophageal cultures were
red fluorescence (C, E). K8 (red) and K14 (green) were used to stain the cultu
conditions (C) but very few in the cultures treated with the caspase inhibitor (E). T
rounded red spots, of which a few are visible in the mesenchyme. Panels (D) and
cells from the basal layer after 7 days of culture. Scale bars are 400 Am in paneland then fractionated by flow cytometry to determine the
DNA content of each type of cell. Fig. 6B shows a typical
intensity profile, and it can be seen that there is a sub-G0
peak which contains the dead cells. When expressed as a
proportion of particles, the dead cells appear rather more
numerous (50%) than on the intensity profile, but this is
because this fraction also includes small subcellular debris.
Fig. 6A shows that there is no detectable difference between
the sub-G0 proportions of K8- and K14-positive cells.
If the switch of cell phenotype were really due to
preferential death of one population and resultant over-re dissociated, stained for K8 or K18 and with propidium iodide and then
Go cells as dead, although this fraction also contains subcellular debris. The
nd K14-positive populations at the three time points observed. (C–F) To
rgans were cultured for 7 days and treated with 0.1% DMSO control (C, D)
incubated with ethidium homodimer for 30 min to label the dead cells with
res after 7 days (D, F). Many dead cells are clearly visible under control
he red fluorescence in (E) is autofluorescence, whereas dead cells appear as
(F) show that preventing cell death does not affect the disappearance of K8
s (C, E) and 80 Am in panels (D, F).
Fig. 7. The conversion of columnar to stratified squamous epithelium does
not involve cell proliferation. Oesophageal bud cultures were stained for
(A, B) K8 (green) and Ki67 (red); (C–F) K14 (green) and Ki67 (red). (A,
B) 1 day, (C) 7 days, (D) 9 days of culture. At the beginning of the culture,
many of the epithelial cells in the simple columnar layer of oesophageal
cultures expressed the Ki67 proliferation marker. After 7–9 days of culture,
only the basal layer K14-positive cells showed proliferative capacity (C, D).
Note that panel (D) is a grazing section through the basal layer and hence
shows many Ki67- and K14-positive cells. (E–F) To determine whether
inhibition of proliferation had an effect on the emergence of stratified
squamous cells, 5 Ag/ml (E) or 10 Ag/ml (F) of mitomycin C was added to
the oesophagus at day 4 of culture for 24 h. The cultures were then cultured
until day 9 and stained for K14 (green) and Ki67 (red). Although a few
Ki67 expressing cells were found in the 5 Ag/ml mitomycin-C-treated
cultures (E), none were found in the 10 Ag/ml cultures (F). Despite the
inhibition of proliferation, K14 is still expressed in the epithelium treated
with the mitomycin C. Again, panel (F) is a grazing section through the
basal layer and can be directly compared to panel (D). Scale bars are 20 Am
in panels (B, C), 30 Am in panels (D, E, F) and 200 Am in panel (A).
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arrest or delay the process. For this purpose, we utilised a
general inhibitor of the caspases that execute programmed
cell death: zVMDfmk. To check the effect of zVMDfmk on
the oesophageal cultures, we added ethidium homodimer to
stain the dead cells. This showed a dramatic reduction in the
number of dead cells stained with the red ethidium
homodimer, especially in the epithelial region of the
explants (Figs. 6E vs. 6C). To examine the effect on the
basal layer transition, we started the treatment after 24 h of
culture and continued until day 7. As may be seen in Figs.
6D and F, the disappearance of the K8 cells is similar in the
DMSO control treatment and the zVADfmk-treated cultures.
In fact, comparing Figs. 6D and 6F, the level of K14 in the
basal layer of the treated culture exceeds that in the
untreated culture, which is the reverse of what would be
expected if K14 cells migrate in to replace dead K8 cells.
We also treated the cultures with zVADfmk from day 8 of
culture until day 20, which is the period of loss of K8 cells
from the suprabasal layers. In this case, too, there was no
difference in the rate of loss of K8 cells (result not shown).
Both the results of the flow cytometry analysis and of the
lack of effect of the caspase inhibitor show that programmed
cell death is not a significant mechanism by which the
columnar cell phenotype is lost in the oesophageal
epithelium.
Conversion of columnar to stratified squamous epithelium
does not involve cell proliferation
If the switch in cell phenotype occurred by selective
overgrowth with K14-positive cells, then it could not occur
in the absence of cell division. Even if the mechanism
depends on transdifferentiation with an obligatory cell
division step, it could still not occur. To identify proliferating
cells, we used immunostaining for Ki67 (a nuclear protein
expressed in cells undergoing active phases of the cell cycle).
The proliferative cells in mature stratified squamous tissues
are located in the basal layer (Fuchs and Raghavan, 2002).
But in the early embryonic oesophagus, the epithelium
showed high proliferative capacity throughout (Figs. 7A,B).
When the culture differentiates into multiple layers, the
Ki67-positive cells are, as expected, localised exclusively to
the basal layer of the epithelium (Figs. 7C,D) as well as in
some of the mesenchymal cells of the culture.
To examine the requirement for cell division, we added
mitomycin C, a DNA cross linking reagent that blocks cells
from entering the cell cycle (Kubilus et al., 1981). At day 4,
the oesophageal cultures were treated with 5 or 10 Ag/ml
mitomycin C for 24 h and then cultured for a further 5 days
(without mitomycin C) until day 9. During the 5–9-day
culture period, the basal epithelial layer normally completes
the change from columnar to stratified squamous. We find
the mitomycin-C-treated cultures were much smaller than
the controls. The epithelial area of the 5 Ag/ml mitomycin-
C-treated culture was 0.33  x the PBSA control, and thearea of 10 Ag/ml mitomycin-C-treated culture was 0.1  x
of the control. In addition to the differences in area, Ki67
expression is rarely found in the 5 Ag/ml treatment and is
completely absent in the 10 Ag/ml treated cultures (Figs.
7E,F). However, a complete basal layer of K14-positive
cells continues to appear in the epithelium treated with
mitomycin C. This indicates that the switch from simple
columnar to stratified squamous does not require cell
proliferation.
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expression
One mechanism for encoding states of cell differentiation
lies in the methylation of DNA, which is thought to be
responsible for the maintenance of genomic imprinting, and
many other aspects of development including gut organo-
genesis (Li, 2002). Thus, we have also examined the effects
of inhibition of de novo DNA methylation on the conversion
process. DNA methylation can be inhibited by exposure of
cells to 5-aza-cytidine or the more stable 5-aza-2-deoxycy-
tidine (Jones and Taylor, 1980; Zhou et al., 2002), and we
used both. One of the inhibitors was added to oesophageal
explants at the beginning of the culture period, and the
treatment was maintained for 7 days. Following this, we
found that the basal layer of the treated oesophagus retains the
K8 columnar marker while also acquiring the stratified
squamous marker K14 in the usual way (Figs. 8B vs. 8A).
The results were similar with both inhibitors, and those for 5-
aza-2-deoxycytidine are shown. In order to examine the later
phase of loss of K8 cells from the suprabasal layers, we added
2 AM of 5-aza-2-deoxycytidine from day 8 to day 20 of
culture. This led to massive expression of K8 being retained
in the suprabasal layers (Figs. 8D vs. 8C). These observationsFig. 8. Regulation of K8 expression by de novo DNA methylation.
Oesophageal cultures were isolated and 24 h later treated with 1% DMSO
control (A) or 2 AM 5-aza-2-deoxycytidine (B) for 6 days then immuno-
stained with K14 (green) and K8 (red). Normally, K8 expression in the basal
layer of oesophageal epithelium is reduced, and few K8-positive cells could
be found. After adding DNA methylation inhibitors, many K8 cells retained
in the basal layer at day 7, while K14 expression is not inhibited. Panels (C,
D) were E11.5 oesophagus cultured for 8 days and then treated with 1%
DMSO control (C) or 2 AM 5-aza-2-deoxycytidine (D) for a further 12 days.
DNA methylation inhibitors also prevent the suprabasal K8 gene silencing
when added to the buds at the time after the basal layer has switched to
stratified squamous tissue and cultured long term until day 20. Scale bars are
15 Am in panel (A), 20 Am in panel (B) and 25 Am in panels (C, D).suggest that both the basal and suprabasal expression of K8
are normally repressed by a mechanism involving DNA
methylation. However, the overall morphology of the
epithelium changes as usual, and the K14 comes on as usual,
so it is unlikely that the entire switching programme depends
on DNA methylation.Discussion
In this work, we have examined the cellular and
molecular basis of the conversion of columnar to stratified
squamous epithelium in the developing mouse oesophagus.
The organisation of stratified squamous tissues such as the
epidermis has been intensively studied in recent years and is
quite well understood (Byrne et al., 1994; Jenson et al.,
1999; Watt et al., 1989) But in the oesophagus the
embryonic origin of the basal layer has not been resolved,
although it has been proposed that it derives from the
original columnar tissue (Thorey et al., 1993), direct
evidence for this has so far been lacking.
We first showed by immunohistochemistry that the
changeover in epithelial type occurs from E15.5 to P1 in
normal development, and this is accompanied by the
replacement of K8 + 18 by K14 in the basal layer. We
believe that the slow loss of K8 in the suprabasal layers
represents both a shutdown of K8 expression due to DNA
methylation (see below) and also replacement of K8-
positive cells by K8-negative cells from the new basal layer.
Second, we established an in vitro culture system that
recapitulates the transformation in epithelial type as well as
other properties of the normal developing oesophagus.
Third, in terms of the mechanism of the switch, we have
shown that the basal layer cells do indeed derive directly
from the former columnar cells. This was done by two
methods, first showing the co-expression of keratin 8 and 14
in some cells (both in vivo and in vitro), and second
showing the activation of the K14 promoter in some basal
cells expressing K8. We have examined the possibility of an
overgrowth of one cell type by the other by examining both
the cell death and the cell division. Cell death does occur but
in both populations to about the same extent. Moreover, if
cell death is inhibited, the change in phenotype still takes
place as normal. Similarly, we show that cell division is not
necessary for the change, although under normal circum-
stances a high proportion of the cells are dividing.
The effect of inhibitors of DNA methylation suggests
that the shutdown of K8 expression in the basal layer
requires de novo DNA methylation, however, the K14
comes on as normal, so the entire conversion process cannot
not depend on DNA methylation. The high persistence of
K8-positive cells in the suprabasal layer of the treated
cultures suggests that the normal loss of K8 from the
suprabasal layers must partly be due to shutdown of gene
expression, as well as to the replacement of cells from the
new, K14-positive, K8-negative basal layer.
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columnar to basal stratified cells is that the squamous
epithelium cells arise from progenitors from outside the
oesophagus. The most likely potential site is the oral cavity
that is derived from the ectoderm and endoderm and forms
stratified squamous epithelium earlier than the oesophagus
(Waterman and Balian, 1980). Our results show that, if there
is any migration from another site, the cells would have to
migrate into the oesophagus before E11.5d since in our
cultures the tissue is isolated around this time. It is also
necessary that the progenitor cells do not express the
stratified squamous markers at the time of migration as we
do not see them in either tissue from embryos or in the
cultures system until about E15.5. We cannot exclude the
possibility that some cells do migrate in at an early stage or
that the cells that make the transition from columnar to
squamous are a separate population that migrated in before
E11.5, although there is no evidence for either of these
possibilities.
In some other cases of developmental switches between
differentiated cell types, a ‘‘master switch gene’’ has been
identified, encoding a transcription factor that can drive the
process alone (Hu et al., 1995; Shen et al., 2000; Weintraub
et al., 1989). A candidate for the master switch gene in the
columnar to squamous transformation is p63. This isFig. 9. A model for the conversion of oesophageal epithelium from simple column
squamous in the oesophageal tissue. Comparative results are shown for both no
oesophageal epithelium is only 1–2 cell layers thick and consists only of K8-
epithelium of the oesophagus becomes thicker, the submucosal and muscle layer a
culture), the columnar K8 expression is lost at the basal layer, and some basal cells
segments of the oesophagus, we see epithelium that is characteristic of a granular la
of the epithelium is mostly K14-positive, but K8-positive cells are still retain
differentiated marker K10 expression and very thin cornified layers. At adult (>2 m
and suprabasal layers of the epithelium, and the oesophagus is fully differentiatenormally absent from simple epithelia and expressed in
the basal layer of squamous epithelia. The mouse knockout
of p63 is an embryo lethal and has no squamous epithelia
and no activation of the K14 gene (Koster et al., 2004; Mills
et al., 1999; Yang et al., 1999). However, the situation is
complex because of the existence of several isoforms with
different activities so whether p63 is the main controller of
the columnar-stratified squamous conversion in oesophagus
is yet to be determined. A role for p63 in the development of
the oesophageal and tracheobronchial epithelium has
recently been found (Daniely et al., 2004). p63/ knockout
mice lack expression of K14 probably because p63 is
important for the formation of progenitors cells at the basal
layer of stratified squamous epithelium.
Is this transition in the oesophageal epithelium properly
described as ‘‘transdifferentiation’’? It does satisfy the
criteria of Eguchi since the starting and finishing pheno-
types are well characterised and we have two lines of
evidence for a direct conversion of one to the other.
Moreover, it can occur in the absence of any cell division.
However, it could also be argued that this is not true
transdifferentiation between differentiated tissue types
because the columnar cells are simply the normal precursors
of the squamous cells and the process is more properly
described as a maturation or differentiation event.ar to stratified squamous tissue. Summary for the development of stratified
rmal development and in vitro culture. At E11.5d or 1 day of culture, the
positive cells. At E13.5–E15.5 (approximately 3–5 days of culture), the
re more defined, and keratin 4 is expressed. At E15.5–E17.5 (5–7 days of
start to express K14. In addition, involucrin starts to be expressed. In some
yer near the lumen appear. At P1–P5 (7–11 days of culture), the basal layer
ed in the suprabasal layers. We also see stratified squamous suprabasal
onths old) (11–>15 days of culture), K8 cannot be found in both the basal
d as a stratified squamous tissue.
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been described in the developing oesophagus is the
conversion of the muscle layer of the muscularis propria
from smooth to skeletal muscle. Samarasinghe (1972)
showed that striated muscle is found at the rostral end of
the mouse oesophagus, extending caudally with a mixture of
both smooth and skeletal muscle, and entirely smooth
muscle is present near the stomach. Patapoutian et al. (1995)
proposed this as an example of transdifferentiation by
showing skeletal and smooth muscle specific markers in the
same muscle cell of an oesophageal tissue section, although
this interpretation is not universally accepted (Rishniw et al.,
2003).
Previous work on adult human oesophagus has attempted
to locate the stem cell compartment in the epithelium. Seery
and Watt described the papillary and interpapillary archi-
tecture of the mature human oesophageal epithelium (Seery
and Watt, 2000). They demonstrated Ki67 expression in few
papillary basal cells (45 out of 10,865) and even fewer in the
interpapillary basal layer (9 out of 8811). Not surprisingly,
this compartmentation is not seen in the embryonic cultures
as the papillary structure is yet to develop. In later cultures
with fully stratified epithelium, we find that all of the
dividing cells are in the basal layer (Fig. 6), whereas Seery
and Watt found some dividing cells in the epilayers 2–3
cells above the basal layer in the mature human tissue.
Simple columnar cells die by apoptosis if they are
detached from the extracellular matrix (Gilmore et al.,
2000). This is different from stratified epithelia where the
cells remain metabolically active for several days after they
detach from the basal lamina (Fuchs and Raghavan, 2002).
One important function of the simple columnar keratins is
that they are both targets and modulators of apoptosis
(Caulin et al., 1997; Caulin et al., 2000). Our results (Figs.
6E vs. 6C) also show that some of the epithelial cells of the
developing oesophagus are lost by apoptosis.
DNA methylation has previously been implicated in the
regulation of the mouse K18 gene, and treatment of a
myoblast cell line with 5-aza-cytidine causes the induction
of the K18 gene (Darmon, 1985). Our results with the 5-aza-
2-deoxycytidine suggest that DNA methylation is only
involved in the inhibition of K8 and 18 expression but not in
the induction of the stratified squamous K14 expression.
Future work will include identifying the controlling
elements (with differentially methylated CpGs) in K8
regulatory regions (Tamai et al., 1991). This system may
also be a suitable one for studying the role of de novo DNA
methyltransferases in animal development.
In summary, our results show that the conversion of a
simple columnar to a stratified epithelium occurs by direct
transdifferentiation, with some of the former columnar cells
becoming proliferative cells in the basal layer of the
squamous epithelium. The process can occur in the absence
of cell death and cell proliferation, and it may require DNA
methylation. The results are summarised diagrammatically
in Fig. 9.Acknowledgments
We thank Universities UK for an Overseas Research
Studentship and the Department of Biology and Biochem-
istry University of Bath for additional funding (WY). We
gratefully acknowledge the kind gifts of keratin antibodies
from Professor Birgit Lane (University of Dundee) and the
K14-promoter plasmid from Professor Elaine Fuchs (Rock-
efeller University, New York). We thank Drs. Andrew Ward
and Trevelyan Menheniott for useful discussions. We (DT
and JMWS) also wish to thank the MRC and Wellcome
Trust for financial support underpinning this project.
Appendix A. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.ydbio.2005.
04.042.References
Byrne, C., Tainsky, M., Fuchs, E., 1994. Programming gene expression in
developing epidermis. Development 120, 2369–2383.
Caulin, C., Salvesen, G.S., Oshima, R.G., 1997. Caspase cleavage of
keratin 18 and reorganization of intermediate filaments during epithelial
cell apoptosis. J. Cell Biol. 138, 1379–1394.
Caulin, C., Ware, C.F., Magin, T.M., Oshima, R.G., 2000. Keratin-
dependent, epithelial resistance to tumor necrosis factor-induced
apoptosis. J. Cell Biol. 149, 17–22.
Coulombe, P.A., Wong, P., 2004. Cytoplasmic intermediate filaments
revealed as dynamic and multipurpose scaffolds. Nat. Cell Biol. 6,
699–706.
Daniely, Y., Liao, G., Dixon, D., Linnoila, R.I., Lori, A., Randell, S.H.,
Oren, M., Jetten, A.M., 2004. Critical role of p63 in the development of
a normal esophageal and tracheobronchial epithelium. Am. J. Physiol.
287, C171–C181.
Darmon, M., 1985. Co-expression of specific acid and basic cytokeratins in
teratocarcinoma-derived fibroblasts treated with 5-azacytidine. Dev.
Biol. 110, 47–52.
DeNardi, F.G., Riddell, R.H., 1991. The normal esophagus. Am. J. Surg.
Pathol. 15, 296–309.
Eguchi, G., 1995. Introduction: transdifferentiation. Semin. Cell Biol. 6
(3), 105–108.
Eguchi, G., Kodama, R., 1993. Transdifferentiation. Curr. Opin. Cell Biol.
5, 1023–1028.
Fuchs, E., Raghavan, S., 2002. Getting under the skin of epidermal
morphogenesis. Nat. Rev., Genet. 3, 199–209.
Gilmore, A.P., Metcalfe, A.D., Romer, L.H., Streuli, C.H., 2000. Integrin-
mediated survival signals regulate the apoptotic function of Bax
through its conformation and subcellular localization. J. Cell Biol.
149, 431–446.
Hu, E., Tontonoz, P., Spiegelman, B.M., 1995. Transdifferentiation of
myoblasts by the adipogenic transcription factors PPAR gamma and
C/EBP alpha. Proc. Natl. Acad. Sci. U. S. A. 92, 9856–9860.
Jenson, U.B., Lowell, S., Watt, F.M., 1999. The spatial relationship between
stem cells and their progeny in the basal layer of human epidermis: a
new view based on whole-mount labeling and lineage analysis.
Development 126, 209–218.
Johns, B.A., 1952. Developmental changes in the oesophageal epithelium
in man. J. Anat. 86, 431–442.
Jones, P.A., Taylor, S.M., 1980. Cellular differentiation, cytidine analogs
and DNA methylation. Cell 20, 85–93.
W.-Y. Yu et al. / Developmental Biology 284 (2005) 157–170170Koster, M.I., Kim, S., Mills, A.A., DeMayo, F.J., Roop, D.R., 2004. p63 is
the molecular switch for initiation of an epithelial stratification program.
Genes Dev. 18, 126–131.
Kubilus, J., Rand, R., Baden, H.P., 1981. Effects of retinoic acid and other
retinoids on the growth and differentiation of 3T3 supported human
keratinocytes. In Vitro 17, 786–795.
Lazarides, E., 1980. Intermediate filaments as mechanical integrators of
cellular space. Nature 283, 249–256.
Li, E., 2002. Chromatin modification and epigenetic reprogramming in
mammalian development. Nat. Rev., Genet. 3, 662–673.
Mills, A.A., Zheng, B., Wang, X.J., Vogel, H., Roop, D.R., Bradley, A.,
1999. p63 is a p53 homologue required for limb and epidermal
morphogenesis. Nature 398, 708–713.
Moll, R., Franke, W.W., Schiller, D.L., Geiger, B., Krepler, R., 1982. The
catalog of human cytokeratins: patterns of expression in normal
epithelia, tumors and cultured cells. Cell 31, 11–24.
Owens, D.W., Lane, E.B., 2003. The quest for the function of simple
epithelial keratins. Bioessays 25, 748–758.
Patapoutian, A., Wold, B.J., Wagner, R.A., 1995. Evidence for devel-
opmentally programmed transdifferentiation in mouse esophageal
muscle. Science 270, 1818–1821.
Percival, A.C., Slack, J.M., 1999. Analysis of pancreatic development using
a cell lineage label. Exp. Cell Res. 247, 123–132.
Porter, R.M., Lane, E.B., 2003. Phenotypes, genotypes and their contribu-
tion to understanding keratin function. Trends Genet. 19 (5), 278–285
(May).
Raymond, C., Anne, V., Millane, G., 1991. Development of
esophageal epithelium in the fetal and neonatal mouse. Anat. Rec.
230, 225–234.
Rishniw, M., Xin, H.B., Deng, K.Y., Kotlikoff, M.I., 2003. Skeletal
myogenesis in the mouse esophagus does not occur through trans-
differentiation. Genesis 36, 81–82.
Samarasinghe, D.D., 1972. Some observations on the innervation of the
striated muscle in the mouse oesophagus—An electron microscopy
study. J. Anat. 112, 173–184.
Seery, J.P., Watt, F.M., 2000. Asymmetric stem-cell divisions define
the architecture of human oesophageal epithelium. Curr. Biol. 10,
1447–1450.Shen, C.N., Slack, J.M., Tosh, D., 2000. Molecular basis of transdiffer-
entiation of pancreas to liver. Nat. Cell Biol. 2, 879–887.
Slack, J.M.W, Tosh, D., 2001. Transdifferentiation and metaplasia-switch-
ing cell types. Curr. Opin. Genet. Dev. 11, 581–586.
Tamai, Y., Takemoto, Y., Matsumoto, M., Morita, T., Matsushiro, A.,
Nozaki, M., 1991. Sequence of EndoA gene encoding mouse
cytokeratin and its methylation state in the CpG-rich region. Gene
104, 169–176.
Thorey, I.S., Meneses, J.J., Neznanov, N., Kulesh, D.A., Pedersen, R.A.,
Oshima, R.G., 1993. Embryonic expression of human keratin 18 and
K18-beta-galactosidase fusion genes in transgenic mice. Dev. Biol. 160,
519–534.
Tosh, D., Slack, J.M.W., 2002. How cells change their phenotype. Nat.
Rev., Mol. Cell Biol. 3, 187–194.
Vasioukhin, V., Degenstein, L., Wise, B., Fuchs, E., 1999. The magical
touch: genome targeting in epidermal stem cells induced by tamo-
xifen application to mouse skin. Proc. Natl. Acad. Sci. U. S. A. 96,
8551–8556.
Waterman, R.E., Balian, G., 1980. Indirect immunofluorescent staining of
fibronectin associated with the floor of the foregut during formation and
rupture of the oral membrane in the chick embryo. Anat. Rec. 198,
619–635.
Watt, F.M., Keeble, S., Fisher, C., Hudson, D.L., Codd, J., Salisbury, J.R.,
1989. Onset of expression of peanut lectin-binding glycoproteins is
correlated with stratification of keratinocytes during human epidermal
development in vivo and in vitro. J. Cell Sci. 94, 355–359.
Weintraub, H., Tapscott, S.J., Davis, R.L., Thayer, M.J., Adam, M.A.,
Lassar, A.B., Miller, A.D., 1989. Activation of muscle-specific genes in
pigment, nerve, fat, liver, and fibroblast cell lines by forced expression
of MyoD. Proc. Natl. Acad. Sci. U. S. A. 86, 5434–5438.
Yang, A., Schweitzer, R., Sun, D., Kaghad, M., Walker, N., Bronson, R.T.,
Tabin, C., Sharpe, A., Caput, D., Crum, C., McKeon, F., 1999. p63 is
essential for regenerative proliferation in limb, craniofacial and
epithelial development. Nature 398, 714–718.
Zhou, L., Cheng, X., Connolly, B.A., Dickman, M.J., Hurd, P.J., Hornby,
D.P., 2002. Zebularine: a novel DNA methylation inhibitor that forms a
covalent complex with DNA methyltransferases. J. Mol. Biol. 321,
591–599.
